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Local drug and gene delivery through

microbubbles and ultrasound: a safe and

eficient alternative for viral vectors?

L.J.M. Juffermans, P.A. Dijkmans, R.J.P. Musters, A. van Wamel, A. Bouakaz, F.J. ten Cate,
L. Deelman, C.A. Visser, N. de Jong, 0. Kamp

Although gene therapy has great potential as a
treatment for diseases, clinical trials are slowed
down by the development of a safe and efficient
gene delivery system. In this review, we will give
an overview ofthe viral and nonviral vehides used
for drug and gene delivery, and the different
nonviral delivery techniques, thereby focusing on
delivery through ultrasound contrast agents.
The development of ultrasound contrast agents
containing encapsulated microbubbles has
increased the possibilities not only for diagnostic
imaging, but for therapy as well. Microbubbles
have been shown to be able to carry drugs and
genes, and destruction of the bubbles by
ultrasound will result in local release of their
contents. Furthermore, ligands can be attached so
that they can be targeted to a specific target tissue.
The recent advances of microbubbles as vehides
for delivery ofdrugs and genes will be highlighted.
(Neth HeartJ2004;12:398-403.)
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As a consequence oftthe identification oftthousands of
genetic factors, gene therapywill have great potential

as a treatment for several (cardiovascular) diseases in the
near future. However, dinical trials are slowed down by
the development ofsafe and efficient systems forlocal gene
delivery. At present two categories of delivery vehides
are available: viral and nonviral. Up till now, the use of
viruses has been the most efficient gene transfer method
because ofthe specific viral machinery that has evolved
to introduce viral DNA into their host cells.' However,
there are many problems regarding the safety of viral
vectors. The ideal delivery system should be safe, i.e. elicit
no immnune response, and efficient, i.e. be able to transfet
the majority ofcells. There should be no breakdown of
DNA before it reaches the target, the system should be
able to bypass the endosomal degradation route and
there should be sustained transgene expression. Besides
this, the amount ofDNAor drugs needed to be effective
should be minimal because ofpossible side effects and it
would be convenient if it could be commercially
produced on a large scale.24

Viral vehicWs
Enveloped viruses accomplish the delivery of their
genome into the host cell by fusing their envelopes with
the host cell membrane, mediated by proteins
incorporated in the viral envelope. Conversely, viruses that
entervia endocytosis have specific proteins to destabilise
the endosomal membrane to enable them to escape the
lysosomal degradation route.56 As viral DNA often
contains several nuclear localisation sequences it will be
imported into the nucleus, followed by integration into
the host's genome via integration sites on the viralDNA_
Particularly retroviruses, lentiviruses and adenoviruses or
adeno-associated vinrses have been extensively used as
vehicles.2

Retroviral vectors
Retroviral vectors were the first to be designed, and the
development of self-inactivating vectors in which the
viral regulatory elements have been deleted was a
breakthrough in generating a safe and transcriptionally
adjustable vector. The main limitation ofretroviral vectors
is their inability to infect nondividing cells, meaning that
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tissues such as brain, eye and lung are not amenable for
direct in vivo gene delivery. Furthermore, on
transplantation of transduced cells in the host,
transcription ofthe transgene is often 'switched off' and
the transgene is no longer expressed.2

Lentiviral vectors
Derived from the human immunodeficiency virus,
lentiviral vectors belong to the retrovirus farnily but have
acquired the property of infecting nondividing cells,
which is unusual for retroviruses. Although the first-
generation lentiviral vectors were promising, the
possibility remained that they could recombine and
generate the dangerous immunodefiency virus. To
minimise this chance, as many viral accessory genes as
possible were deleted, while maintaining the capacity of
infecting nondividing cells. This technique is also applied
to the adenoviral vectors, for example, to create a safe
'gutless' virus. However, there are still no reports of
clinical trials using lentiviral vectors as they have the
disadvantage of nonspecific integration in the host's
genome, which could theoretically lead to activation of
pro-oncogenes.2

Adeno-associated viral vectors
The most promising viral vectors are adeno-associated.
The adeno-associated virus is nonpathogenic and is a
member of the dependoviruses, meaning that it needs
extra genes to replicate. These genes are provided by the
adenovirus or herpesvirus. The broad host range,
relativelylowlevel ofimmune response, longevity ofgene
expression, and ability to integrate site-specifically have
enabled a number of clinical trials to be initiated. The
main disadvantage ofusing adeno-associatedviral vectors
is that the gene that enables the site-specific integration
is cytostatic or even cytotoxic to the host cells. Another
drawback ofusing this vector for gene therapy is that it
can only code for a transgene ofmaximal 4.5 kb.2'8

Adenoviruses
Adenoviruses belong to a family ofDNA tumourviruses.
Advantages ofadenoviral vectors are that they retain the
ability to transduce dividing and nondividing cells
efficiently and the relative easiness to generate high-titre
commercial-grade recombinant vectors. The problem
with adenoviral vectors is that the expression of the
transgene in adult animals only lasts for a short period of
time (5-20 days postinfection), which is now generally
recognised as a consequence ofthe immune response. The
immune response of the host is the biggest challenge
facing allviral vectors. Even inactivated adenoviral vectors
can elicit a strong immune response: a few years ago an
18-year-old patient died as a direct consequence ofthe
severe immune response to the adenoviral vector used in
a phase I gene therapy clinical trial.2'8

Nonviral delivery techniques
As viral vectors bring along many problems associated
with immunity, a nonviral yet efficient gene delivery

method is desirable. The following nonviral gene delivery
systems are now available.

Microinjection
DNA transfer is performed by direct injection of
naked DNA into a cell nucleus. This is a very effective
method but as only one cell at the time can be
transfected, its use is limited.2'4

Gene gun
Nonviral gene delivery can also be performed with
the so-called 'gene gun', where DNA-coated gold
particles are accelerated to a high velocity and shot
under helium pressure into the skin.4 This method
was developed by Sanford and colleagues in 1987
to deliver genes to plant cells. The gene gun is a
convenient device that provides rapid and direct gene
transfer into a range of targets in vitro as well as in
vivo.9 However, this procedure is not yet widely used
because the DNA entry pathway is difficult to
control.4

Electroporation
Another relatively effective method is electro-
poration. Electrical pulses are used to transiently
permeabilise the cell membrane, thus permitting
cellular uptake ofmacromolecules. This process was
first used to deliver DNA in vitro to mammalian cells
as early as in 1982. It is one of the most efficient
methods to transfect skeletal muscle cells, but its use
is limited because ofthe high mortality of cells after
high-voltage exposure and the difficulty to apply in
vivo. Also, the efficacy in humans has yet to be
tested.'0

Magnetofection
A novel delivery technique under development uses
the magnetic force acting on gene vectors that are
associated with magnetic particles. Magnetofection
does not necessarily improve overall performance of
any given standard gene transfer method in vitro, its
major potential lies in the very rapid and efficient
transfection at low vector doses and the possibility
to remotely control vector targeting in vivo.
Although this technique is still in its infancy, it has
great potential.""2

Ultrasound contrast agents
Another new technique is the use ofultrasound contrast
agents, which is characterised by the local delivery of
genes and/or drugs through microbubbles and
ultrasound to specific target tissues, including the
heart. 1316

Nonviral vehicles
During the last decade much attention has been
focused on the use ofvarious (phospho)lipid complexes
and formulations as vehicles for drug and gene
delivery."1-20
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Figure 1. Alignment of the different particles according to their
size, starting with an eythrocytefor size comparison.

Mice//es
Micelles are mostly used as carriers to deliver drugs in
anticancer therapy; they are phospholipid particles and
about 10 to 100 nm in diameter, approximately ten
times bigger than a virus, as can be seen in figure 1.17

Liposomes
Liposomes have a phospholipid bilayer and are on
average only 100 nm in diameter. Liposomes were a
promising tool in gene and drug delivery, but although
in vitro studies do show good results, in vivo studies
are disappointing.'8"9

Microbubbles
Gramiak and Shah were the first to notice an elevated
signal after an intracardiac infection ofsaline, although
it was later that they attributed this to the reflection of
ultrasound by minibubbles in the saline.20Since then,
microbubbles have evolved rapidly, not only in
diagnostic imaging but as possible therapeutic agents
as well.'4 Microbubbles are on average about 2 to 5 tm
in diameter, which is relatively large compared with
other carriers used in gene and drug delivery, such as
the mentioned particles for magnetofection which are
only 10 to 20 nm."12 The very first microbubbles
manufactured were room air microspheres. Albunex
was the first contrast agent to be approved for clinical

use in the United States and Japan; it consists of air
stabilised with a thin shell of human albumin.2'
However, air bubbles disappear in a few seconds after
intravenous administration as the solubility of air in
blood is high and the bubbles are filtered by the
lungs.22 24 Improved stability and survival was reached
by stabilising the microbubbles with a high molecular
weight gas, such as sulphur hexafluoride, which
decreases solubility and thus improves survival and
stability under high pressure. Various ultrasound
contrast agents are now commercially available with
different gases and different types ofshells; a few well-
known microbubbles and their characteristics are
shown in table 1, and figure 2 shows fluorescently
labelled microbubbles.

Microbubble propertles: an Ideal vehicle
An interesting feature of microbubbles is the specific
acoustic properties they show in the presence of
ultrasound, due to the encapsulated gas. This provides
various possible methods ofincreasing cell permeability
by these ultrasound microbubbles.25'6

Firstly, an important mechanism in permeabilising
cell membrane is cavitation: the interaction between the
ultrasound and the surrounding fluid.2627 In body
tissue or blood, cavitation sets fluid in motion and
creates small shock waves that give rise to
microstreaming and shear stress along the endothelial
cells.2628 It is hypothesised that microbubbles acting
as cavitation nuclei lower the threshold for cavitation,
potentiating the formation of transient holes in the
plasma membrane and possibly the nuclear membrane,
which would facilitate macromolecule uptake.1027

Ultrasound applied at low or intermediate acoustic
power (MI <0.5) results in linear and nonlinear
oscillations of microbubbles, respectively, inducing
stable cavitation.27 When microbubbles are exposed to
ultrasound with high acoustic power, i.e. MI >1.0, it
will lead to nonlinear expansion and compression ofthe
microbubbles with high oscillation amplitude,
eventually leading to bubble destruction.29 When

Table 1. Classification of nonviral vehicles and ultrasound microbubbles.

Nonviral vehicles
Nanoparticles
Micelles
Liposomes
Microbubbles
First-generation Echovista
Second-generation Albunexb
Third-generation Optisona
Sonovuea
PESDA
Quantison
Definity

Inside

Surrounding solvent
Surrounding solvent

Air
Air
Perfluoropropane
Sulphur hexafluoride
Perfluorobutane
Air
Perfluoropropane

Shell
Latex
Phospholipid particle
Phospholipid bilayer

Galactose matrix
Human albumin
Human albumin
Phospholipid monolayer
Sonicated albumin
Dried albumin
Phospholipid monolayer

aLicensed for clinical use. bNo longer commercially available.
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Figure 2. Fluorescently labelled SonoVue microbubbles.

microbubbles are destroyed they may act as

'fragmentation bombs' (figure 3), shooting the genes

into the cells. Price and colleagues showed that
microbubble destruction is able to create microvessel
ruptures large enough to permit the extravasation of
microbubbles, yet cell and tissue damage are minimal
and limited to the rupture site itself. This study shows
that microbubbles in the presence of ultrasound can

be used to deliver genes across the endothelial lining
of the blood vessel to the underlying tissue.'3 Local
release ofthe bubble's cargo by destruction can be well

used for the local delivery of a high concentration of
drugs to target tissue. All forms of drug therapy in
which drugs are administered systemically require
plasma concentrations within the therapeutic range.

Although many diseases such as cancer, inflammatory
diseases or thromboembolic processes may require
higher concentrations of certain drugs, plasma
concentrations are limited by the occurrence of
potentially dangerous side effects. After systemic
administration, microbubbles loaded with drugs can

rupture under influence of localised ultrasound and
drug release will result in higher local concentrations
in comparison with systemic administration.30

Secondly, changes in the plasma membrane fluidity
may facilitate microbubble and/orDNA uptake. When
diagnostic cardiac ultrasound is applied oxygen radicals
are produced in the endothelial cells.3' This could lead
to an increased permeability ofthe plasma membrane;
however, a dramatic increase in oxygen radicals may also
have toxic effects. Thirdly, ultrasound in the presence
of microbubbles causes a local, transient rise in
temperature.32 This could also contribute to an

increased fluidity and permeability of the cell
membrane.

A fourth cell entry mechanism is the fusion of the
phospholipid-shelled microbubble or exchange of
bubble fragments with the plasma membrane,

delivering the bubble's cargo direct into the cytoplasm
of the cell. Or finally, microbubbles may be actively
taken up via phagocytosis or endocytosis. This is most
likely to happen when the microbubbles are targeted;
when a microbubble binds to, for example, the
transferrin receptor, endocytosis is triggered. As they
often have a net positive charge, nontargeted
microbubbles may also bind to the negatively charged
cell surface molecules and trigger endocytosis.33

Targeting the microbubbles
As mentioned briefly, microbubbles are ideal delivery
vehicles as they can be loaded with genes or drugs, but
besides that they can be targeted to specific tissue by
the incorporation of ligands into the shell. There are

several ways in which drug, genes or ligands attach to
a microbubble (figure 4). Especially negatively charged
DNA can rather easily be attached to a positively
charged bubble shell (figure 4A). Another way to load
a bubble with drugs is to incorporate a lipophilic drug
in the lipid membrane (figure 4B), or to enclose the
drug within the microbubble itself (figure 4C).
Furthermore, drugs can be bound by ligands that are

embedded in the membrane (figure 4D). Whether a

bubble can be loaded with a certain drug depends on
important factors such as molecular weight, lipo-
philicity and charge.34

Recent experiments show that it is possible to create
targeted microbubbles by incorporating monoclonal
antibodies into the membrane.35-38 Villanueva and
colleagues demonstrated that microbubbles with
intercellular adhesion molecule-I (ICAM-I) antibodies
bind to endothelial cells expressing ICAM-I. As the
expression ofICAM-I by endothelial cells is associated
with early arteriosclerosis, this has major consequences
for diagnosis ofpreclinical atherosclerosis.35 Schumann
and colleagues demonstrated that vascular clots, known
to be associated with cardiovascular diseases such as

stroke and myocardial infarction, could be visualised
by microbubbles targeted to the GP IIb/IlIa
receptors, which play a key role in the formation of
vascular clots. Clot lysis is known to be improved by
ultrasound, which creates the possibility of enhanced
clot lysis by ultrasound in combination with targeted

Figure 3. Microbubble collapse under influence of ultrasound,
therebyperforating the cell membrane.
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Figure 4. Different ways to bind drugs, genes or ligands to a
microbubble.

microbubbles loaded with thrombolytics.37'39 Although
many studies implicate that microbubbles can be used
as vehicles for targeted drug and gene delivery, it is
important to knowhow exactly cell entry occurs under
different circumstances and what the bioeffects are that
microbubbles and ultrasound can cause, before this
technique can be used as a safe and efficient tool to
deliver genes or drugs in humans. Adverse bioeffects,
such as a rise in blood temperature or haemolysis when
using ultrasound and microbubbles, have been causes
of concern for several investigators. Microbubbles
exposed to ultrasound can cause mechanical stress and
damage to cells and consequently even permanent cell
injury.40 The extent of the bioeffects that therapeutic
ultrasound microbubbles can result in depends on
ultrasound parameters such as frequency and amp-
litude, which are lower for diagnostic ultrasound com-
pared with therapeutic ultrasound.26'32'41 2 Implications
for side effects in humans and their clinical importance
need further investigation.

Perspectives
Different approaches to nonviral gene and drug
delivery are being explored, and much has been leamed
from viruses that have evolved into extremely efficient
infection mechanisms. Recent in vivo studies have
shown that enhanced expression ofgenes delivered by
microbubbles in combination with ultrasound is
feasible. The most interesting is the precise interaction
of microbubbles with living cells. Although several
options such as transient cell membrane holes,
phagocytosis, endocytosis and fusion ofmicrobubble
shell components with the cell membrane have been
proposed, the exact mechanism(s) remain(s) to be
unravelled. Recent advances in live-cell imaging
techniques, for example multidimensional digital

imaging microscopy, offer excellent opportunities to
study in vitro this process at the (sub)cellular level in
real-time, thereby creating the possibility ofvisualising
the interaction of fluorescent-labelled microbubbles
and myocardial or endothelial cells under ultrasound
pressure.

Over the past few years, contrast agents have rapidly
evolved from a diagnostic to a possible therapeutic
application. In the coming years, this promising
technique needs further development to make it
available for safe and efficient local gene therapy and
drug delivery as this technique creates various chal-
lenging therapeutic options, not only in cardiovascular
disease but also in the treatment of different types of
cancer. U
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